To evaluate the cellular response to traumatic brain injury, the expression of mRNA for c-fos and the 72-kDa heat shock protein (hsp72) was determined using in situ hybridization following lateral fluid-percussion in jury (2.2-2.4 atm) in rat brain. At 2 h after injury, induc tion of c-fos mRNA was observed throughout the cortex ipsilateral to the site of injury, while increased expression of hsp72 mRNA was restricted to regions of the cortex surrounding the contusion area. An increase in c-fos mRNA, but not hsp72 mRNA, was observed bilaterally in the CA 3 subfield of the hippocampus and the granule cells of the dentate gyrus and in the thalamus ipsilateral to the impact site. By 6 h, increased expression of c-fos mRNA A wide range of pathologic stressors to the brain, including mechanical injury (Dragunow and Robert son, 1988; Brown et al. , 1989) , ischemia (Nowak, 1990; Welsh et ai. , 1992), and seizures (Lowenstein et ai. , 1990; Morgan and Curran, 199 1a), induce the expression of immediate early genes (lEGs) and heat shock proteins. lEGs such as c-fos and jun function as transcription factors and may mediate the long-term adaptive response of neurons to acute stimuli (Morgan and Curran, 199 1b). In contrast, heat shock proteins may simply serve as markers of a generalized stress response (Gonzalez et al. , 1989; Nowak, 1990) . Although lEGs and heat shock pro teins have been extensively studied in models of Received March 22, 1994; final revision received October 6, 1994; accepted October 14, 1994 Abbreviations used: CSD, cortical spreading depression; hsp72 , 72-kDa heat shock protein; lEG, immediate early gene; NGF, nerve growth factor; TBI, traumatic brain injury.
A wide range of pathologic stressors to the brain, including mechanical injury (Dragunow and Robert son, 1988; Brown et al. , 1989) , ischemia (Nowak, 1990; Welsh et ai. , 1992) , and seizures (Lowenstein et ai. , 1990; Morgan and Curran, 199 1a) , induce the expression of immediate early genes (lEGs) and heat shock proteins. lEGs such as c-fos and jun function as transcription factors and may mediate the long-term adaptive response of neurons to acute stimuli (Morgan and Curran, 199 1b) . In contrast, heat shock proteins may simply serve as markers of a generalized stress response (Gonzalez et al. , 1989; Nowak, 1990) . Although lEGs and heat shock pro teins have been extensively studied in models of was observed only in the corpJ,lS callosum on the impact side; hsp72 mRNA persisted In the deep cortical layers and upper layers of the subcortical white matter below the site of maximal injury. By 24 h, both c-fos and hsp72 mRNA had returned to control levels in all regions of the brain. These results demonstrate that lateral fluid percussion brain injury triggers regionally and temporally specific expression of c-fos and hsp72 mRNA, which may be suggestive of differential neuroche ' mical alterations in neurons and glia following experimental brain injury. Key Words: Brain injury-Heat shock proteins-Immediate early genes-In situ hybridization.
cerebral ischemia (Nowak, 1990; Welsh et al. , 1992) , less is known about the alteration of their expression following traumatic brain injury (TBI).
In a model of midline fluid percussive injury, Fos protein was found to be increased in the CAl neu rons of the hippocampus as early as 15 min follow ing injury (Phillips and Belardo, 1993) . However, no data on changes in Fos expression in other brain regions were reported. Using lateral fluid percussion brain injury in the rat, we and others have observed an increase in the expression of 72-kDa heat shock protein (hsp72) mRNA (by North ern analysis) (Lowenstein et ai. , 1994) and Hsp72 protein in neuronal, glial, and endothelial cells (McIntosh et ai. , 1989a; Tanno et ai. , 1993) .
Induction of c-fos and hsp72 mRNA after cere bral ischemia has been observed in the same regions of the brain (Nowak et ai. , 1990; Welsh et ai. , 1992) . Induction of both c-fos (Dragunow and Robertson, 1988) and hsp72 (Brown et ai. , 1989) has been re ported following cortical lesions, but little work has been performed to directly compare the patterns of IEG induction with those of the heat shock protein genes in these models of brain trauma. Thus, the objective of the present study was to compare the alterations in the expression of genes for c-fos and hsp72 in the same model of TBI. In situ hybridiza tion was used to determine the regional and tempo ral pattern of induction of c-fos and hsp72 mRNA in adjacent brain sections following lateral fluid percussion injury in rat brain.
METHODS

Fluid-percussion brain injury
Male Sprague-Dawley rats (n = 25) weighing 350--4 00 g were anesthetized with sodium pentobarbital (60 mg/kg i.p.) and placed in a stereotaxic frame. A 4.0-mm diameter craniotomy was centered over the left parietal cortex and fitted with a hollow female Luer-Lok fitting using dental cement. The Luer-Lok was filled with sa line, and experimental lateral fluid-percussion injury of moderate severity (2.2-2.4 atm) was induced as previ ously described (McIntosh et aI., 1989b) . Briefly, saline was rapidly injected into the closed cranial cavity, result ing in increased intracranial pressure for 21-25 ms and a brief displacement of neural tissue. Sham-operated ani mals had the Luer-Lok fitted over their craniotomies; after the dental cement had set, the fitting was removed and the skin covering the cranium was sutured. Body and core brain temperature was maintained at 37°C during surgery and the postinjury recovery period by placing the rat on a heating pad. Brain temperature (measured using a YSI needle thermometer placed in the temporalis mus cle) was not significantly altered following injury (unpub lished observations).
In situ hybridization
At 2 h (n = 5),6 h (n = 6), and 24 h (n = 5) after injury, experimental animals along with sham-operated animals (n = 3 per time point) were reanesthetized (sodium pen tobarbital, 60 mg/kg i.p.) and killed by decapitation. Brains were removed and immediately placed on a bed of powdered dry ice for 10-12 min. Brain sections were cut at a thickness of 15 fJ-m in a cryostat at -lOoe and dried on glass slides. The oligonucleotide probes used to detect mRNAs for c-fos and hsp72 have been previously de scribed (Welsh et aI., 1992) . The c-fos probe (30-mer) is complementary to base numbers 270-299 of the rat c-fos mRNA (Curran et aI., 1987) . The hsp72 probe (30-mer) is specific for the strictly inducible gene and corresponds to amino acids 122-129 of the human hsp72 gene (Hunt and Morimoto, 1985) . Probes were labeled at the 3' end with [ 3 5S]dATP using terminal transferase. Prior to incubation with labeled probe, sections were fixed in 4% paraform aldehyde and rinsed in 2 x sse (0.03 M sodium citrate, 0.3 M sodium chloride) buffer. After hybridizing over night at 37°C in 4x sse, sections were rinsed in l.Ox sse (90 min) and 0.5x sse (90 min) at 37°C, air dried, and exposed to Kodak XAR-5 film. Autoradiograms were developed after 21 days. Adjacent sections were hybrid ized for c-fos and hsp72 mRNA to facilitate direct com parisons of cell populations expressing these two genes. For consistency, brain sections of all animals (sham and injured) from a given time point were hybridized with the same batch of labeled probe.
RESULTS
Sham-operated controls
Hybridization for c-fos and hsp72 mRNAs wa5 not observed in any brain region examined at 2, 6, or 24 h following sham surgery (Fig. 1 ). However, a low level of hybridization of the hsp72 probe oc curred bilaterally in the pyramidal cells of the hip pocampus and in the granule cells of the dentate gyrus (Fig. IB, arrowheads ). This hybridization pattern is similar to that in anesthetized, unoperated animals (data not shown) and may represent non specific hybridization to densely packed cell bodies.
Two hours following fluid-percussion brain injury
The temporal, spatial, and intensity profiles of induction of c-fos and hsp72 mRNA following lat eral fluid-percussion brain injury were remarkably different from each other. A strong induction of c-fos was noted in the cortex ipsilateral to the site of impact (Table 1 ; Fig. 2A-C) , while a mild level of hsp72 mRNA expression occurred in a restricted area near the site of impact (Table 1 ; Fig. 2D-F) . The intense expression of c-fos mRNA was ob served throughout the cortex with the exception of a discrete focus of decreased hybridization in the parietotemporal cortex (Fig. 2C, asterisk) . This zone of reduced hybridization, corresponding to the region of maximal cell death, was observed in the paired hsp72 sections (Fig. 2F, asterisk) . However, below this region of reduced hybridization was a thin layer of increased c-fos and hsp72 mRNA ex pression, restricted to the subcortical white matter and/or ventricular ependyma (Fig. 2B-C and E-F, arrowheads). Throughout the ipsilateral cortex, from the anterior cingulate ( Fig. 2A) to the temporal (Fig. 2C) cortices, induction of c-fos mRNA oc curred in a trilaminar pattern, with the most intense expression in layers 2 and 3. In contrast, cortical hsp72 mRNA expression was restricted to outer (layers 1, 2) and inner (layers 5, 6) layers (Fig. 2D  F, arrows) . These alterations in expression of c-fos and hsp72 were detected in all animals (and in the additional animal for c-fos) killed at 2 h following injury (Table 1 ). In four of the five injured animals, the hybridization signal for c-fos mRNA in all layers of the frontal and parietal cortices contralateral to the site of impact was slightly higher than that in the striatum. Expression of hsp72 mRNA was not de tected in any region of the contralateral hemi sphere.
Hippocampal expression of c-fos mRNA was ob served bilaterally following brain injury and was re stricted to the CA3 neurons and the granule cells of the dentate gyrus (Fig. 2C, double arrowheads) . A mild increase in c-fos expression was detected in 
c-fos
hsp72 the thalamus ipsilateral to the site of impact (Fig.  2e, arrow) . Expression of c-fos mRNA was not de tected in the striatum. Levels of hsp72 mRNA were not significantly altered in the hippocampus of in jured animals (Fig. 2F ) compared with sham operated controls (Fig. IB) . However, in two of the four animals studied, a few highly localized areas of hsp72 mRNA expression were detected in the den tate granule cell layer ipsilateral to the site of impact (Table O .
Six hours after fluid-percussion brain injury
At 6 h postinjury, expression of c-fos and hsp72 mRNA had returned to baseline levels in almost all A areas of the brain (Fig. 3) . However, a modest ex pression of c-fos mRNA was observed consistently in the subcortical white matter, rostral and medial to that observed at 2 h ( Fig. 3A and B, arrows). A consistent, low level of c-fos mRNA was expressed in the ventricular ependyma underlying the parietal cortex (Fig. 3B, arrowhead) . Increased hsp72 mRNA expression was observed in deep layers of the cortex (Fig. 3D, arrowhead) and appeared to extend to the outer layer(s) of the underlying ependyma (Fig. 3D, arrow) . In two of the five ani mals tested, a small focus of hsp72 mRNA expres sion was detected in the outer layers of the cortex (data not shown). 
DISCUSSION
The data in this report demonstrate-for the first time in the same model of experimental brain in jury-the induction of mRN As for both the lEG c-fos and the stress protein hsp72. However, the temporal, anatomical, and quantitative patterns of induction of these genes after lateral fluid percussion brain injury were quite distinct. Induc tion of c-fos was widespread and was observed in the cortex, thalamus, subcortical white matter, and ependyma ipsilateral to the site of injury and bilat erally in the hippocampus. In contrast, induction of hsp72 mRNA was restricted to the cortex ipsilateral to and surrounding the contusion site. Since adja cent sections of injured brains were probed for c-fos and hsp72 expression, direct comparison of expres- sion of these two genes was possible. Our data show that a small region surrounding the contusion site expressed both c-fos and hsp72 mRNA. While it may be possible that hsp72 is a later component of the transcriptional changes effected by c-fos, no ev idence has been reported to support this claim. However, expression of c-fos mRNA was more widespread than that of hsp72 mRNA. Thus, it ap pears likely that the signal transduction pathways for these injury-induced genes may be different.
Calcium entry into neurons has been associated with the induction of c-fos (Morgan and Curran, 1986) . We and others have observed calcium accu mulation in cortex, hippocampus, and thalamus af ter lateral fluid-percussion brain injury (Cortez et aI. , 1989; Fineman et aI., 1993) . The pattern of the cortical c-fos expression observed in the present study is similar to that previously reported after fo cal ischemia (Welsh et aI. , 1992) and cortical lesions (Dragunow and Robertson, 1988) . In both cases, the authors suggest that a primary cause for lEG induc tion was calcium entry into cells resulting from cor- tical spreading depression (CSD). The occurrence of CSD, based on direct simultaneous measure ments of interstitial K + and Ca2 + and DC potential, has been reported following fluid-percussion injury (Sunami et al., 1989) and in a weight drop model of concussive brain injury (Nilsson et al., 1993) . CSD could, in part, result in induction of c-fos in the thalamus and hippocampus via activation of corti cothalamic and entorhinal cortex-dentate gyrus projections, respectively. Nerve growth factor (NGF), which has been reported to increase in some models of mechanical brain injury (Hengerer et al., 1990) , may mediate the induction of c-fos (Kruijer et al., 1985) . Induction of c-fos in glial and ependymal cells has been associated with increased concentrations of cAMP (Dragunow and Faull, 1989) ; however, the effect of TBI on cellular cAMP is unknown.
Cerebral focal ischemia has been reported to in crease hsp72 mRNA in the region surrounding the site of necrosis (Welsh et al., 1992) . As with focal ischemia (Chen et al., 1986) , fluid-percussion injury reduced cortical blood flow to 35-45% of control levels in the zone of maximal injury (Yamakami and McIntosh, 1989) ; this "hypoperfusion/oligemia" may lead to a focal reduction in ATP concentra tions. Alterations in concentrations of cellular ATP (Benjamin et al., 1992) and denatured proteins from dead and dying cells (Ananthan et al., 1986) have both been reported to mediate induction of hsp72. Thus, focal reductions in ATP and denaturation of proteins may account for the restricted distribution of hsp72 mRNA adjacent to the site of maximal injury.
Although the induction of IEGs and stress pro teins following CNS injury has been extensively documented, their role in the pathophysiology of brain injury is unclear. The protein product of c-fos, along with those of c-junljunB, are transcription factors that control the expression of certain late response genes including NGF (Hengerer et aI. , 1990) , amyloid precursor protein (Quitschke and Goldgaber, 1992) , cholecystokinin (Monstein, 1993) , and the opioid precursor genes (Morgan and Curran, 1991a) . In this regard, we have previously observed significant increases in regional tissue concentrations of the K-opioid dynorphin in the frontal and parietal cortices following fluid percussion brain injury (McIntosh et aI. , 1987) . Our present findings suggest that the increased expres sion of c-fos may be related in part to the alterations in endogenous opioid peptides. Moreover, Fos pro tein has also been suggested to participate in the glial response to CNS injury by mediating increases in NGF that may be necessary for neuronal survival (Arenander and deVellis, 1992) . The presence of c-fos mRNA in subcortical white matter and ependymal cells (this report) and the occurrence of reactive gliosis following TBI (Cortez et aI. , 1989) suggest that Fos may participate in the neuron-glia interaction following TBI.
Although it has been proposed that Hsp72 may serve as a marker of cell stress (Gonzalez et aI. , 1989) , the precise role of induction of hsp72 in re sponse to CNS injury is still undefined. Nowak et al. (1990) have suggested that translation of hsp72 mRNA into Hsp72 protein is blocked in the cells that are vulnerable to a lethal insult, while cells that survive the insult express both hsp72 mRNA and subsequently Hsp72 protein. We and others have previously observed Hsp72 protein following lateral fluid-percussion injury in the same regions that ex press increased levels of hsp72 mRNA (McIntosh et aI. , 1989a; Tanno et aI. , 1993) . However, the role of hsp72 in the fluid-percussion brain injury model re mains unclear.
It has been suggested that induction of c-fos re flects increased neuronal activity, whereas hsp72 is a marker of pathologic alterations (Nowak et aI. , 1990) . While the data presented in this article sug gest that lEGs and heat shock proteins are associ ated with the molecular sequelae of fluid percussion brain injury, further studies are required to elucidate whether, following injury, alterations in lEG expression are directly involved with damage or regeneration or are simply an epiphenomenon reflecting nuclear events and whether induction of stress proteins is a marker of neuronal death or sur vival.
